Post-ingestive factors are known to strongly modulate feeding behavior by providing feedback signals to the central nervous system on the current physiological state of the organism. Of particular interest is the identification of the physiological pathways that permit the brain to sense post-ingestive signals. We will review recent evidence supporting the concept that direct stimulation of the gastrointestinal tract with nutrients induces release of the catecholamine neurotransmitter dopamine. In addition, changes in dopamine efflux produced by direct stimulation of the gastrointestinal tract were found to reflect the caloric load of the infusates, suggesting that dopamine signaling may function as a central caloric sensor that mediates adjustments in intake according to the caloric density of a meal. Consistent with the above, blockade of dopamine signaling disrupts flavor-nutrient associations and impair the regulatory capacity to maintain constant caloric intake during intra-gastric feeding. Future research must determine the exact pathways linking gut nutrient administration to dopamine efflux. Current evidence points to parallel contributions by pre-and post-absorptive pathways, indicating that dopamine systems constitute a site of convergence through which distinct physiological signals can exert control over ingestive behaviors.
ageusic mice lacking the taste ion channel TRPM5 are capable of acquiring preferences for sipper positions associated with nutrient intake [4] to the point where sugar intake levels become, within hours, comparable to those observed in sweet-sensitive wild-type mice [5] .
Such flavor-independent stimulation of intake must ultimately be regulated by brain circuits involved in controlling ingestive behavior, and research effort has been placed on determining the identity of these circuits [6] . The central catecholamine transmitter dopamine is one primer candidate given its critical role in eliciting intake, as demonstrated both by the deeply aphagia displayed by dopamine-deficient mice [7] and by the robust effluxes of dopamine observed during active feeding [8, 9] . In fact, while the orosensory properties of palatable foods are sufficient to stimulate brain dopamine release [10, 11] , significant efflux is also observed during sugar intake in the abovementioned ageusic animals [4] . Consistent with a central role for dopamine signaling in post-ingestive reward, dopamine receptor (D1) antagonists injected into the nucleus accumbens, amygdala, medial prefrontal cortex or lateral hypothalamus either block or attenuate flavor-nutrient conditioning by gut glucose infusions [6] . Overall, current evidence points therefore to a predominant role for dopamine signaling in mediating the rewarding effects of nutrientderived post-ingestive signals.
Gut Infusions of Nutrients Regulate Dopamine Release
The abovementioned results obtained with using ageusic mice suggest that orosensation and post-ingestive signals are each capable, via dedicated pathways, of increasing dopamine levels in brain reward circuits. Direct evidence that dopamine release is stimulated by nutrient delivery to the gut was given by experiments demonstrating that intragastric infusions (i.e., completely bypassing of the oral cavity) of glucose produce different effects on dopamine release when compared to similar infusions of the free amino acid L-serine [5] . Specifically, intragastric infusions of glucose stimulated significantly higher levels of dopamine release in nucleus accumbens of the ventral striatum compared to isocaloric infusions of L-serine. In fact, and rather interestingly, L-serine infusions did actually result in equivalent decreases in accumbal dopamine levels. Furthermore, similar measurements were performed on the dorsal aspect of the striatum. Whereas no significant decreases in dopamine levels were detected during L-serine infusions, significant dopamine efflux resulted from glucose infusions. These microdialysis measurements provided the first direct evidence that nutrient-specific dopamine efflux is produced upon direct stimulation of the gastrointestinal tract [5] .
Extracellular Dopamine Release Reflects the Caloric Density of Gut

Infusates
More recently, we have further explored the sensitivity of dopamine circuits to intra-gastric infusions of nutrients [12] . We first found that, within certain limits, mice are capable of regulating calorie intake even if denied the perception of flavor cues -specifically, by activating intra-gastric infusions upon licking a dry sipper. This regulatory capacity was however limited to caloric loads ranging above certain threshold values, with low-calorie infusions exerting relatively weak influences on the animal's behavior. In any event, and most relevant for the present discussion, microdialysis measurements taken concomitantly to the dry licking behaviors revealed that extracellular dorsal striatum dopamine levels increased in proportion to the infusates' caloric density. In addition, and rather remarkably, while dopamine efflux in dorsal striatum was linearly associated with the amounts of calories self-infused, this did not hold for the numbers of motor responses (i.e. dry licks) produced to obtain the caloric intra-gastric infusions. In other words, extracellular levels of dopamine were more closely associated with the amounts of calories consumed via the gastric route than with the motor behaviors associated with initiating the infusions.
We note that it is unlikely that the observed calorie-driven dopamine effluxes was accounted for by alternative functions associated with dorsal striatal activity, such response vigor, the actual cost of responding, or shifts in motivational state. First, as was mentioned above, striatal extracellular dopamine levels did not bear associations with the number of dry licks produced. This suggests that response cost (in our case represented by the number of dry licks required to achieve a certain amount of calories infused into the gastro intestinal tract) were not the primary drivers of dopaminergic stimulation. In fact, additional tests performed on animals passively receiving intra-gastric infusions of fat emulsions revealed similar calorie-dependent dopamine efflux in dorsal striatum, as had been the case for the previous experiments employing glucose infusions [5] . Note that in these passive infusions experiments the caloric value of a given infusion could not be predicted by the animals, which rules out the possibility that dopamine release was driven by external predictive stimuli [which in other settings are known to induce dopamine release, 13]. Finally, while motivational shifts -such as those associated with transitions from hunger to satiety -may also contribute to changes in dopamine levels, we note that such efflux levels correlated with caloric density even when motivational state was fixed. At this point it must be noted that it has not yet been tested whether gastrointestinal-stimulated changes in dopamine levels could be recapitulated in non-deprived animals. However, previous behavioral studies revealed that animals will self-infuse via the gastric route significant amounts of the fat emulsions even when not food-or water-deprived [although they do increase the number of selfinfusions in response to increases in food deprivation , 12] . Given that animals were visibly motivated to sustain intra-gastric feeding in the absence of deprivation, one must expect to observe significant increases in striatal dopamine efflux under the same conditions. Now, if extracellular dopamine levels do actually encode caloric density, one would expect that inhibiting dopamine receptor signaling should increase the intake of a highly caloric emulsion as if the emulsion's caloric density had been diluted. In fact, pretreatment with the dopamine receptor blocker haloperidol led to a significant increase in the numbers of dry licks required to infuse highly caloric emulsions -a response analogous to those observed when the less-caloric emulsions are employed [12] . These effects are entirely consistent with calorie-dependent increases in dopamine efflux, since the disruption of normal dopamine receptor signaling led the animal to treat the infusions as being less caloric than they actually were. On a more general level of analysis, our results lead us to speculate that dopaminergic sensitivity to caloric load may be one important factor contributing to the critical role of striatal dopamine signaling in food reinforcement [14] .
Regarding the above, it is important to note that there is no definitive evidence to rule out the possibility that calorie-dependent dopamine release is involved in mediating satiation effects produced by the intra-gastric infusions, i.e. independently of their putative reinforcing value [see 15]. However, the current body of evidence favors a role for caloriedependent dopamine release in food reinforcement independently of satiety per se. First, our own previous behavioral studies show that mice have the ability to develop conditioned preferences for dry sipper positions associated with the more caloric infusions, with preferences being tested during extinction (sham infusion) sessions [12] . This suggests that calorie-dependent dopamine release produces conditioning effects independently of caloriedependent suppression of intake. Second, inhibiting dopamine receptor signaling in different dopaminergic targets [6] abolishes the expression of nutrient-conditioned flavor preferences, further indicating that gut-stimulated dopamine release is involved in reward-related behaviors independently of satiation.
The Role of Dorsal Striatum Dopaminergic Signaling in Feeding Behavior
Our decision to assess dopamine efflux in the dorsal aspect of the striatum builds on previous findings showing that dopamine signaling in this brain region is required for the expression of ingestive motivated behaviors [16] . More specifically, the profound aphagia observed in genetically engineered dopamine-deficient mice has been shown to be reversed by induction of local dopamine production within the dorsal striatum of these mutant mice [7] . The animal literature is corroborated by reports of experiments performed on humans revealing marked dopaminergic and metabolic activity in dorsal striatum in response to food-associated stimuli, including whole meals [9] or anticipatory cues [17] . While it is true that brainstem circuits are sufficient to produce feeding to satiation in decerebrate rats [18, 19] , such autonomy of may rely on taste relays arising from the nucleus of the solitary tract [20, 21] that in principle are not under direct dopaminergic control. This is consistent with the finding that dopamine-deficient mice retain normal preferences for sucrose over water while nevertheless displaying aphagia [22] . In other words, if on one hand taste-elicited ingestion may not require forebrain dopamine tone, behaviors leading to appropriate nutrition do. It also intriguing to note that dopamine receptor downregulation in striatum induces a dramatic increase in caloric intake in trained animals [23] , further corroborating the notion that disrupted dopaminergic signaling in striatum leads to a loss of control over caloric regulation. These observations are also consistent with the more general notion that dopamine acts to regulate feeding as a flavor-independent calorie sensor [4, 5] . Finally, it is interesting to note that obesity has been associated with impaired dopamine release in rodents [24, 25] and with altered striatal responses in humans [26] . From our point of view, such diminished evoked striatal dopamine in obese organisms is expected to be 1. Recapitulated when food is delivered directly to the gut, and 2. Associated with decreased intra-gastric feeding (to the extent that striatal dopamine levels represent a reinforcement signal arising from the gastrointestinal tract). In fact, we have verified that high-fat fed mice not only fail to show the expected dopamine efflux following intra-gastric infusions of fat, but also display much lower motivation to consume fat calories via the gastric route (L. Tellez & I.E. de Araujo, unpublished observations). Such deficits are therefore consistent with the observed diminishing in motivation to eat upon disruption of striatal dopamine signaling [7] . Such putative alteration in dopamine efflux associated with excessive caloric intake is entirely consistent with the proposed role for striatal dopamine signaling as one central calorie sensor.
The Role of Pre-Absorptive Signals in Gut-Stimulated Dopamine Release
The above discussion will remain restricted to little more than speculation unless it is determined how exactly dopamine cells may sense fluctuations in physiological state (i.e. without the assistance of oral sensory cues). Both pre-and post-absorptive pathways may equally be involved in stimulating dopamine efflux during intra-gastric feeding. While the list of potential candidate signals is rather extensive, we may start at the level of gastric stimulation itself since the stomach is the first organ to be exposed to nutrients upon intragastric infusions. At this level, one putative regulatory cue relates to the precise control on gastric emptying exerted by caloric density. A number of pioneering studies [27] [28] [29] [30] have demonstrated that gastric emptying rates decrease in proportion to the caloric density of the gut infusates. In fact, in our own studies [12] we verified that the differences in gastric emptying rate associated with high vs. low caloric lipid emulsions were comparable to the equivalent differences in dopamine efflux associated with the same emulsions. In addition, further pressures on stomach distention associated with infusions of highly caloric compounds may arise from potent effects on gastric secretion. Overall, these observations would place calorie-regulated gastric distention as one candidate signal mediating calorieregulated release of striatal dopamine. Alternatively, we may also consider the possibility that the stomach-released orexigenic peptide ghrelin [31] may influence dopamine signaling via direct effects on the brain. In this regard, it is of note that Andrews et al. [32] demonstrated that ghrelin promotes tyrosine hydroxylase gene expression in dopaminergic neurons of Substantia Nigra concomitantly to increasing dopamine concentration in striatum. While these findings are in striking contrast with our own observations that incoming nutrients into the gut should increase -rather than reduce -dopamine release in dorsal striatum, they raise the intriguing possibility that ghrelin signaling may act to modulate dopaminergic efflux in ventral striatum upon nutrient intake. In fact, an inhibitory influence of ghrelin signaling on mesolimbic -but not on nigrostriatal -dopamine [33] [34] [35] is consistent with our own findings of decreased accumbal dopamine upon injections of Lserine [5] or lipids [12] . It is interesting to note that such decreases are not observed if isocaloric glucose solutions are infused instead [5] , indicating that post-gastric properties associated with sugar metabolism counteracts the effects associated with ghrelin inhibition (see considerations on post-absorptive signals below).
Finally, a gastric-related mechanism would also be consistent with the established role of the intestinal peptide cholecystokinin in slowing gastric emptying [36] , specifically given that this hormone is released in direct proportion to the amounts of lipids ingested [37] . Conversely, deficient cholecystokinin signaling entails impaired gastric mechanodetection [38] . Because calorie-mediated slowing in gastric emptying is generally dependent on vagal transmission, it will be important to determine in the near future whether the significant effluxes in dopamine release are abolished/attenuated by subdiaphragmatic vagotomies. In any event, the possibility therefore exists that duodenum-derived signals such as cholecystokinin [36, 38] or fatty acid amides [39] regulate dopamine release via their effects on gastric emptying/distention. The above further stresses the fact calorie-dependent dopamine efflux may be under the simultaneous control of several different regions of the gastrointestinal tract.
Consistent with the above are previous propositions that cholecystokinin per se may alter extracellular dopamine levels [40] , a concept that may well be extended to other intestinally released factors such as GLP-1 or PPY. Alternatively, dopamine cells may also be modulated by activation of lipid-sensing molecules expressed in the small intestine [41] . More generally, two lines of evidence suggest an important role for intestinal-mediated signaling in transducing the nutritive properties of lipids into signals to brain. First, it is noticeable that intestinal vagal afferents are critical mediators of fat-induced satiation in rats [42] . Second, and perhaps more critically, experiments employing flavor-nutrient conditioning paradigms -where animals are allowed to associate a distinct flavor with the physiological consequences of administering nutrients to post-oral sites -suggest that the small intestine stimulation with nutrients may be required for animals to develop robust flavor preferences [43] . Specifically, it has been shown that male rats infused with glucose into the duodenum or mid-jejunum as they drank a saccharin-sweetened flavor did develop robust preferences for that flavor, an effect that was not observed in animals infused with glucose into the distal ileum [43] . Furthermore, duodenal and mid-jejunal infusions of glucose reduced the intake of palatable solutions while ileal infusions did not. Now, when the researchers performed similar tests using post-intestinal hepatic portal vein infusions instead, no flavor preferences developed. Overall, the comparable preferences displayed by animals infused in the mid-jejunum and duodenum (but not in distal ileum or hepatic portal vein) implicate the former as a critical site for glucose-conditioned flavor preferences [43] . Therefore, pre-absorptive sites seem to play a regulatory role in mediating preferences for flavors paired with post-oral glucose infusions. It remains to be addressed whether similar findings would result when lipids are substituted for glucose. In any event, these findings strongly suggest that direct infusions into the proximal small intestine would produce dopamine release to levels comparable to those observed after intra-gastric infusions. This is one relevant hypothesis that must be tested in the near future.
Finally, it is noticeable that taste receptor expression has been detected at extra-oral sites including the gastrointestinal tract [44] [45] [46] , pancreas [47] and brain [48] . Specifically, gut expression of taste proteins could constitute one possible pre-absorptive signal conveying information on the chemical composition of luminal contents to brain dopamine circuits. In fact, intestinal taste receptor levels have been shown to be responsive to changes in gut microbiota composition [49] and to regulate intestinal peptide release [44] . However, two previous findings indicate that gut taste receptor signaling may not be involved in detecting the rewarding post-ingestive effects of sugars or in inducing gastrointestinal-stimulated dopamine release. Thus, mice lacking TRPM5, a taste transient receptor potential ion channel required for sweet sensation [50] , not only acquire sugar preferences but also show robust dopamine release upon sucrose, but not artificial sweetener, intake [4]. In addition, mice lacking T1R3, an obligatory subunit for the T1R2/T1R3 sweet taste receptor heterodimer [51] , do show normal preferences for arbitrary flavors associated with intragastric glucose infusions [52] .
The Role of Post-Absorptive Signals in Gut-Stimulated Dopamine Release
However, current evidence does not allow us to limit the list of potential post-oral dopamine modulators to pre-absorptive cues. Favoring a role for post-absorptive signals in modulating dopamine release are our own previous findings that dopamine efflux is disrupted upon glucose oxidation inhibition with intra-venous (jugular) injections of 2-deoxy-D-glucose [henceforth "2DG", 5]. The hypothesis that dopamine neurons of the midbrain are sensitive to glucose utilization rates had been brought about by our finding that higher intake levels of glucose compared to the nongluconeogenic amino acid L-serine were strongly correlated with glucose oxidation levels, as assessed by indirect calorimetry performed concomitantly to ingestive behavior [5] . To test the hypothesis of whether glucose metabolism influences dopamine efflux via post-absorptive pathways, we designed an experiment where extracellular dopamine levels in dorsal striatum were measured previous to, during and following jugular infusions of 2-DG or glucose [thereby bypassing not only the oral but also the gastrointestinal tract, 5]. Accordingly, upon infusion of a bolus of 2-DG via the jugular catheter, dopamine levels were monitored for 1h. This treatment was followed by a jugular infusion of glucose. We anticipated that, if glucose metabolism is indeed relevant for increasing striatal dopamine levels, then significant decreases in extracellular dopamine levels should follow the 2-DG injection. In fact, we observed that jugular infusions of 2-DG produced robust suppressions in striatal extracellular dopamine levels, with approximately 35% suppression in detected dopamine compared to baseline (pre-infusion) levels. Now, one should expect that the inhibitory effects of 2-DG on dopamine release must be at least partially reversed when glucose -now acting as metabolism-promoting 2-DG competitor -is administered following 2-DG injection. In fact, intravenous infusions of glucose subsequent to 2-DG infusions resulted in partial reversal of the suppressive effects of 2-DG on dopamine release, to the extent that overall dopamine concentration approximately reaches baseline levels within 30min of glucose infusions. When the comparison is made directly against the period following 2-DG infusions, glucose infusions were in fact found to produce robust increases in striatal dopamine levels [5] . We should therefore conclude that cellular glucose metabolism -presumably within brain cells but certainly independently of the oral-gastrointestinal tract -is required for normal dopamine tone in dorsal striatum [53] .
With respect to the experiments described above, we should note that the modulatory influence of 2-DG on dopamine release may have originated at post-intestinal peripheral sites such as the pancreas, the liver or the adrenal glands, where inhibition of cellular glucose utilization may trigger counter-regulatory pathways in an attempt to defend the organism against glucoprivation [54] . Alternatively, glucoprivation may be directly sensed by dopamine neurons themselves, which in this case would function as glucosensors, i.e., capable of modulating membrane potentials in direct response to the availability of intracellular glucose. While the actual mechanisms linking glucose utilization rates to dopamine release remain to be identified, these findings strongly indicate that postabsorptive cues act to modulate dopamine activity in nigrostriatal pathways [53] .
Different lines of evidence support the notion that post-absorptive signals may directly affect the activity of dopaminergic cells. First, earlier work by Figlewicz and colleagues revealed the expression of the functional forms of both the insulin and leptin receptors -and of their downstream substrates -in dopaminergic neurons located in both Substantia Nigra (pars compacta), and ventral tegmental area [55, 56] . In addition, leptin receptors expressed in dopaminergic neurons of the midbrain were shown to be functional and to influence dopamine release [57] . It would therefore appear that both insulin and leptin signaling pathways act as critical mediators of the influence of physiological (post-absorptive) signals on dopamine release.
However, evidence exists to challenge a dominant role for either of these hormones in regulating dopamine release. First, a preponderant role for insulin as a post-oral reinforcement signal -thereby acting as dopamine release stimulator -was ruled out by the finding that hyperglycemic, hypoinsulinemic rats display normal preferences for flavors associated with intra-gastric infusions of nutrients [58] . This would suggest that lower insulin levels do not preclude the ability of intra-gastric nutrients to stimulate dopamine release. Second, conditional knockout mice selectively lacking functional leptin receptor expression in dopamine neurons have been recently shown to exhibit normal body weight and unimpaired feeding patterns [59] . Intriguingly, these conditional knockout mice displayed anxiogenic-like phenotypes that were partially reversed by antagonizing D1receptor dopamine transmission in central amygdala. In other words, while leptin receptors expressed in dopaminergic neurons seem to regulate amygdala-dependent anxiogenic responses, they do not appear as important mediators of food intake and body weight gain.
An alternative hypothesis states that dopaminergic cells of the midbrain may be under the direct influence of the intracellular availability of glucose for metabolism, that is, intracellular molecules sense nutrient availability to regulate synthesis and release of neurotransmitters. Several different intracellular nutrient sensors arise as relevant candidates, including the 5′-adenosine monophosphate-activated protein kinase [AMPK, 60], a molecule that displays the ability to detect and initiate signaling pathways that react to intracellular nutrient depletion as indicated by rises in AMP:ATP ratios [as has been shown to be the case in hindbrain, 61]. In fact, intracellular nutrient sensing in dopamine neurons is a hypothesis consistent with previous findings revealing the sensitivity of dopaminergic neurons of the Substantia Nigra to direct contact with glucose inflow via locally applied reverse microdialysis [62] .
Non-dopaminergic brain circuits via their projections to the midbrain may also act to link cellular nutrient sensing to dopamine efflux. In fact, hindbrain circuits containing catecholaminergic cell groups are known to detect glucose deficits [63] [64] [65] and are required for the expression of both the consummatory and appetitive phases of glucoprivic feeding [66] . It is therefore of great interest to inquiry whether midbrain-projecting hindbrain neurons mediate the suppressive effects produced by 2-DG on dopamine release. The possibility that dopamine cells act on behavior downstream to hindbrain catecholaminergic glucosensensing is a promising topic for future research. Finally, it is also relevant to mention a similarly important role for nutrient-sensing hypothalamic neurons [67] that send efferent fibers into midbrain dopamine cells [68] .
Pre-and Post-Absorptive Signals may interact to Stimulate Dopamine Release
The rather straightforward picture of pre-and post-absorptive mechanisms working in parallel to influence dopamine efflux may become considerably more complicated once one takes into account the fact that these two pathways may convey physiological signals to one another. First, it is possible that pre-and post-absorptive pathways are selective to certain nutrient types. In fact, and as mentioned above, our previous findings using intra-gastric infusions of glucose and amino acids revealed that intra-gastric infusions of L-amino acids significantly decreased accumbal dopamine release, while glucose infusions did not [5] . In addition, after intra-gastric infusions of fats, accumbal dopamine levels did also fluctuate in response to the caloric densities of the infusates; however, whereas accumbal dopamine was actually suppressed by the more caloric emulsions, it remained stable after infusions of less caloric emulsions [12] . Note that the suppression in dopamine levels following inhibition of glucose utilization is selectively attenuated by intravenous glucose infusions [5] , suggesting that post-absorptive mechanisms may be important in modulating dopamine release to glucose infusions but not to other nutrients. While future research must determine the circuit mechanisms associated with this singular dissociation between dorsal and ventral striatum in response to calorie intake, they suggest nutrient-specific calorie coding in mesolimbic pathways.
Second, it is also important to stress that pre-and post-absorptive influences on dopaminergic activity are not necessarily mutually exclusive. In fact, one could consider rather complex arrangements where pre-absorptive signals would eventually influence the activity of post-absorptive physiological pathways in such a way that signaling disruption at any of these levels is sufficient to impair the expression of dopamine-dependent feeding behaviors. For example, it has been established that lipid sensing in the upper intestine activates a brain-liver axis which ultimately regulates glucose homeostasis [69, 70] . Specifically, the ability of duodenal sensing of lipids to inhibit liver glucose production can be disrupted by either subdiaphragmatic or hepatic vagotomies, suggesting that the gut, the central nervous system and post-intestinal peripheral organs constitute an interconnected integral pathway that continuously monitor the physiological state of the organism. Conversely, it is conceivable that post-absorptive central nutrient sensors may act via descending vagal efferents to control gastric distension and motility, which in turn may be sufficient to affect dopamine efflux. Physiological interactions between pre-and postabsorptive signals represent another avenue for future research on gut-controlled neurotransmitter release.
Conclusion
Post-oral signals exert strong influence on feeding behaviors by providing feedback signals to the central nervous system on the ongoing physiological state of the organism. Current evidence indicates that the central catecholamine dopamine is a critical mediator of the ability displayed by animals to detect the physiological consequences of ingesting caloric nutrients and thereby acquire food preferences. Accordingly, recent evidence supports the notion that direct stimulation of the gastrointestinal tract with nutrients is sufficient to stimulate the release of dopamine in brain circuits controlling food intake, including the dorsal aspect of the striatum. Interestingly, gut infusions of nutrients are such that the subsequent changes in extracellular dopamine levels reflect the caloric load of the infusates, indicating that dopamine acts analogously to a central caloric sensor that mediates adjustments in intake according to the caloric density of a meal. It is relevant to note that, in fact, inhibiting dopamine receptor signaling disrupts flavor-nutrient associations and impair the regulatory capacity to maintain constant caloric intake during intra-gastric feeding. The actual physiological pathways allowing for dopamine cells to respond to caloric intake remain to be determined and constitute an important topic for future investigations. The current picture suggests that both pre-and post-absorptive post-oral cues converge onto dopaminergic circuits, depicting dopamine circuits as a major site of convergence where metabolic/hormonal and visceral sensory cues interact to regulate ingestive behavior (see Figure 1 ).
Highlights
• We will review recent evidence supporting the notion that direct stimulation of the gastrointestinal tract with nutrients induces release of the neurotransmitter dopamine in brain circuits controlling food intake;
• Elevations in extracellular dopamine levels produced by direct stimulation of the gastrointestinal tract reflect the caloric load of the infusates, suggesting that dopamine signaling may function as a central caloric sensor;
• Current evidence points to parallel contributions by pre-and post-absorptive pathways to stimulate dopamine release upon gastrointestinal stimulation with nutrients, indicating that dopamine systems constitute a site of convergence through which distinct physiological signals can exert control over ingestive behaviors.
Figure 1. Post-oral pathways modulating dopamine release
Direct infusions of nutrients into post-oral peripheral sites regulate dopamine release, as measured from microdialysates collected form either the ventral or dorsal striatum. The figure depicts peripheral sites where nutrient infusions were shown to modulate dopamine release. Gastric injections of the non-gluconeogenic amino acid L-serine produced marked reductions of extracellular dopamine levels in ventral striatum, while isocaloric injections of glucose did not (upper left, data shown as percentage dopamine change with respect to preinfusion baseline periods). This finding demonstrates that stimulating the oral cavity is not required for differential nutrient sensing by dopamine cells, although the relative contributions of gastric, intestinal and post-absorptive sites remain to be dissected. Furthermore, jugular infusions of the glucose antimetabolite 2-deoxy-D-glucose (2-DG) strongly suppressed dopamine release in dorsal striatum, an effect that was shown to be reversed by subsequent jugular infusions of glucose (upper right, data shown as percentage dopamine change with respect to pre-infusion baseline periods, as well with respect to 2-DG post-infusion period for glucose effects, "Glucose Post/Pre 2-DG"). The diagram illustrates the concept that a network of pre-and post-absorptive physiological signals converge onto dopamine circuits to regulate ingestive behaviors. Interrogation mark represents the requirement of future experiments to assess the effects produced by direct nutrient stimulation of proximal intestine on dopamine release. Chromatogram represents the use of liquid chromatography coupled to electrochemical detection (HPLC-ECD) methods to separate and quantify dopamine (DA) and serotonin (5HT) content in brain dialysates.
[Adapted from 5]. IG = Intra-Gastric infusion; 2-DG = 2-deoxy-D-glucose.
